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Abstract
The proper spatial and temporal coordination of mitosis and cytokinesis is essential for maintaining genomic integrity. We
describe the identification and characterization of the Saccharomyces cerevisiae IBD1 gene, which encodes a novel protein
that regulates the proper nuclear division and bud separation. IBD1 was identified by the limited homology to byr4, a
dosage-dependent regulator of cytokinesis in Schizosaccharomyces pombe. IBD1 is not an essential gene, and the knock-out
cells show no growth defects except for the reduced mating efficiency [1]. However, upon ectopic expression from an
inducible promoter, IBD1 is lethal to the cell and leads to abnormal nuclear division and bud separation. In detail,
approximately 90% of the IBD1 overexpressing cells arrest at large bud stages with dividing or divided nuclei. In some IBD1
overexpressing cells, spindle elongation and chromosome separation occur within the mother cell, leading to anucleated and
binucleate daughter cells. The anucleated cell can not bud, but the binucleate cell proceeds through another cell cycle(s) to
produce a cell with multiple nuclei and multiple buds. Observations of the F-actin and chitin rings in the IBD1 overexpressing
cells reveal that these cells lose the polarity for bud site selection and growth or attain the hyper-polarity for growth.
Consistent with the phenotypes, the IBD1 overexpressing cells contain a broad range of DNA content, from 2 to 4 N or
more. A functional Ibd1p-GFP fusion protein localizes to a single dot at the nuclear DNA boundary in the divided nuclei or
to double dots in dividing nuclei, suggesting its localization on the spindle pole body (SPB). The cross-species expressions of
IBD1 in S. pombe and byr4 in S. cerevisiae cause defects in shape, implicating the presence of a conserved mechanism for the
control of cytokinesis in eukaryotes. We propose that Ibd1p is an SPB associated protein that links proper nuclear division to
cytokinesis and bud separation. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
The proper coordination of mitosis and cytokinesis
is essential for the precise transmission of the
duplicated genome into dividing daughter cells. In
many organisms, the coordination is accomplished
when the mitotic apparatus signals for the position
and the timing of cytokinesis. However, the nature
of the signals and its molecular mechanisms are
0167-4889 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 7 - 4 8 8 9 ( 9 9 ) 0 0 0 1 5 - 4
Abbreviations: FACS, £uorescence activated cell sorter;
DAPI, 4P,6-diamidino-2-phenylindole; MTOC, microtubule or-
ganizing center; SPB, spindle pole body; RT-PCR, reverse tran-
scription-polymerase chain reaction; GFP, green £uorescence
protein; ORF, open reading frame
* Corresponding author. Fax: +82 (2) 362-9897;
E-mail : ksong@bubble.yonsei.ac.kr
BBAMCR 14450 26-3-99
Biochimica et Biophysica Acta 1449 (1999) 239^253
not well understood. Some studies suggest that
the initiation signal of cytokinesis comes from the
spindle poles [2], while other studies suggest that
the spindle midzone is the source for the cytokinesis
initiation signal [3]. Despite the di¡erences, these
studies propose the importance of the mitotic spindle
and its proper orientation in initiating cytokinesis
[4].
Microtubules form the mitotic spindle to accom-
plish mitosis in the cell division cycle. In most cells,
the number, orientation and arrangement of micro-
tubules are controlled by a microtubule organizing
center (MTOC). The spindle pole body (SPB) forms
a laminar structure embedded in the nuclear enve-
lope and functions as the MTOC in fungi including
the budding yeast Saccharomyces cerevisiae. In S.
cerevisiae, the SPB controls the assembly of all mi-
crotubules in the cell including mitotic spindles and
cytoplasmic microtubules [5]. S. cerevisiae grows by
forming a bud at a predetermined site on the mother
cell, and the cleavage plane is established by the bud
site independent of the mitotic apparatus. In the
process of nuclear division, the nucleus moves up
to the neck between the mother and the bud, and
the mitotic spindle is oriented with the long axis of
the neck. These processes ensure that the spindle
delivers one set of duplicated chromosomes to both
the mother and the bud, respectively [6]. Then, the
nucleus elongates and cytokinesis follows at the bud
neck. While the study of a TUB2 mutant allele, tub2-
401, indicates that cytoplasmic microtubules are re-
quired for nuclear positioning and spindle alignment
[7,8], the mechanisms of microtubule interactions
with other cytoskeletal proteins in these processes
are not well understood [9]. Disruption of the actin
cytoskeleton in a temperature-sensitive actin mutant
results in frequent misorientation of the spindle, sug-
gesting that cell cortex and actin cytoskeleton inter-
act with the cytoplasmic microtubules to regulate
nuclear and spindle positioning [7]. Kar9p, originally
identi¢ed by the defects in karyogamy of the budding
yeast [10], has recently been reported as a possible
cortical adaptor protein necessary for cytoplasmic
microtubule orientation and nuclear migration [11].
The heavy chain of the microtubule motor dynein,
Dyn1p, is localized to the SPB and the cell cortex,
and is also involved in nuclear migration and spindle
orientation [12,13]. Mutations in the actin-interacting
proteins, Act3p and Act5p, show defects in spindle
orientation and nuclear migration that are very sim-
ilar to those observed in the dynein heavy chain
DYN1 mutant [14,15]. Also, the AIP3/BUD6 was
identi¢ed as an actin-interacting gene and mutations
in AIP3/BUD6 produce cells with unequal nuclear
migration, incomplete septa and a number of long
spindles, suggesting its role in mitosis and cytokinesis
[16]. In addition, many actin mutant alleles produce
large cells with multiple nuclei, and several of those
alleles show defects in producing normal septa [17].
These accumulated results in budding yeast imply
that the interactions between microtubules and actin
cytoskeleton regulate nuclear migration and spindle
orientation as well as the coordination of mitosis and
cytokinesis, although the mechanisms of the interac-
tions between these two cytoskeletal structures are
far from being understood.
Cells adopt the signal transduction systems called
checkpoints to ensure the order and ¢delity of events
in the cell division cycle to maintain the integrity of
the genome [18]. The spindle assembly checkpoint
increases the ¢delity of mitosis by preventing the
onset of anaphase, the exit from mitosis, and the
initiation of cytokinesis until all chromosomes are
attached to bipolar spindle [19]. In the budding yeast
S. cerevisiae, a number of genes that function in the
signal transduction of the spindle checkpoint have
been identi¢ed. These include BUB1, 2, 3 [20],
MAD1, 2, 3 [21], and MPS1 [22]. PDS1 is also re-
quired for preventing anaphase onset in response to
spindle damage [23], and CDC20 interacts with
MAD1-3 to transduce the signal to anaphase pro-
moting complex (APC) [24,25]. In the ¢ssion yeast
Schizosaccharomyces pombe, the spindle assembly
checkpoint is interesting in that it is directly linked
to the regulation of cytokinesis and septum forma-
tion. The cut (cell untimely torn) genes, nuc2, cut9
and cut4, encode components of the 20S APC/cyclo-
some [26,27]. The cut mutants are arrested in late
mitosis without restraining cytokinesis and septum
formation, resulting in cleavage of the undivided nu-
cleus. The cdc16 gene is required for cell cycle arrest
in the absence of the mitotic spindle, and it shows
sequence homology with BUB2 [28]. Isolated as a
multicopy suppressor of cdc16-116, dma1 is sug-
gested as a component of the spindle assembly check-
point and is required to prevent septum formation
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and premature exit from mitosis if spindle function is
impaired [29]. In addition, an intensive homology
search for the cdc16 reported that it possibly encodes
a GTPase-activating protein (GAP) [30]. spg1 and
cdc7 were reported as key elements in regulating
the onset of cytokinesis and septum formation in S.
pombe, by encoding a small GTPase and a down-
stream protein kinase, respectively [31,32]. Studies
of cdc16, cdc7 and spg1 suggest a model in which
the integration of mitosis to cytokinesis is coordi-
nated by a possible small GTPase signal transduction
pathway, where Spg1p functions as a GTPase,
Cdc16p as a GAP, and Cdc7p as a downstream ef-
fector of Spg1p [32]. Furthermore, Spg1p and Cdc7p
localize to the SPB, proposing an essential role of the
spindle pole body in signaling for the integration of
mitosis and cytokinesis [33]. byr4 was identi¢ed as a
dosage-dependent coordinator of mitosis and cytoki-
nesis in S. pombe [34]. It forms a GAP complex with
Cdc16 for the Spg1 GTPase [35]. Preliminary Byr4p
localization demonstrates it on the spindle pole body,
supporting the role of the spindle pole body in reg-
ulating mitosis and cytokinesis (K. Song, C. Al-
bright, unpublished data).
In this study, we describe IBD1, a novel budding
yeast gene that may function in nuclear division and
bud separation. IBD1 was identi¢ed by its limited
homology to the byr4, a dosage-dependent coordina-
tor of mitosis and cytokinesis in S. pombe. We dem-
onstrate that the overexpression of IBD1 is lethal to
the cell, arresting cells at large bud stages with divid-
ing or divided nuclei. Also, the IBD1 overexpressing
cells have an irregular F-actin polarity and show de-
fects in nuclear division as well as in cytokinesis and
septum formation. A fusion of Ibd1p to the green
£uorescent protein (GFP) localized to a single dot
at the nuclear DNA boundary in the divided nuclei
or to double dots in dividing nuclei, suggesting its
localization on the SPB. In addition, when IBD1, a
S. cerevisiae gene that has limited homology to the
byr4 of S. pombe, was overexpressed in S. pombe,
defects in cytokinesis were observed as in byr4 over-
expression. We propose that IBD1 is a functional
homologue of byr4 in S. cerevisiae and encodes an
SPB associated protein that coordinates the proper
nuclear division to cytokinesis and bud separa-
tion.
2. Materials and methods
2.1. Yeast strains and growth conditions
All yeast strains used in this study are given in
Table 1. S. cerevisiae strains were grown in a
YEPD medium (1% yeast extract, 2% bacto peptone
and 2% glucose) or a synthetic complete (SC) drop-
out media prepared with minimal medium (YNB)
and necessary supplements [36]. SC-Ura or SC-Leu
were the SC medium without uracil or leucine. S.
cerevisiae transformation was performed by the
modi¢ed method of Gietz [37]. S. pombe strains
were grown in a yeast extract (YE) or a mini-
mal media (MM) with required supplements at a
level of 75 mg/l for adenine, uracil, leucine, and
0.4 mM thiamine [38]. S. pombe transformations
were performed by following the lithium acetate
method [38].
2.2. Plasmids and recombinant DNA techniques
All manipulations of DNA were performed by
standard methods [39]. IBD1 was ampli¢ed by PCR
with various primers as follows. The genomic DNA
prepared from YPH252 was used as a template for
PCR. For the ectopic expression of Ibd1p in S. cere-
visiae, the full ORF of IBD1 was ampli¢ed with a 5P
oligonucleotide 5P-TTGGATCCTATGTCAATTA-
GGCC-3P and a 3P oligonucleotide 5P-CAATGGA-
TCGGCTAAAGGGCTAATCTTTTG-3P each con-
taining a BamHI site, digested with BamHI and
subcloned into BamHI-digested pMW20 [40]. To
make pMW20/IBD1C, the DNA fragment for the
C-terminal 275 amino acids of IBD1 was also ampli-
¢ed with a 5P oligonucleotide 5P-CGAGATTG-
GAATTCCCATGCAGGAACTGGA-3P containing
an EcoRI site and 3P oligonucleotide 5P-CAATG-
GATCCGGCTAAAGGGCTAATCTTTTG-3P con-
taining a BamHI site, digested with EcoRI and Bam-
HI, and subcloned into EcoRI- and BamHI-digested
pMW20. To make an Ibd1p-GFP fusion construct,
pRS316/IBD1-gfp, IBD1 was ampli¢ed using a 5P
oligonucleotide with SmaI site 5P-CCATACTAGTC-
GAATTGATTACCATGTTCCTG-3P and a 3P oli-
gonucleotide with an SpeI site 5P-GTCCCCC-
GGGAAAGTTTTGTATGCTATGTC-3P, and sub-
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cloned into SmaI- and SpeI-digested pRS316-gfp (a
gift from H. Mosch). To make pRS316/IBD1C-gfp,
the DNA fragment for the C-terminal 275 amino
acids of IBD1 was ampli¢ed with a 5P oligonucleo-
tide 5P-CGAGATTGGAATTCCCATGCAGGAA-
CTGGA-3P containing an EcoRI site and 3P oligo-
nucleotide 5P-GTCCCCCGGGAAAGTTTTGTAT-
GCTATGTC-3P containing an SpeI site, and sub-
cloned into EcoRI- and SpeI-digested pRS316-gfp.
To express IBD1 in S. pombe, pREP1/IBD1 was con-
structed by ligating the PCR fragment of IBD1 am-
pli¢ed with a 5P oligonucleotide carrying a NdeI site
5P-GAAAGTTTTGTATCATATGTCAATTAG-3P
and a 3P oligonucleotide carrying a BamHI site 5P-
CAATGGATCCGGCTAAAGGGCTAATCTTTT-
G-3P into the NdeI and BamHI site of pREP1 [41].
To induce byr4 in S. cerevisiae, the full-length byr4
was ampli¢ed by PCR from pREP41/byr4 [34], using
oligonucleotides 5P-TTTTGAGCTCATGACTGAA-
GTTGAATG-3P and 5P-CAAGGTCTAGACAAA-
ACCTTGTTTATTG-3P, which respectively con-
tained the SacI and XbaI sites, and was subcloned
into SacI- and XbaI-digested pMW20L. All PCR re-
actions were carried out with ExTaq polymerase (Ta-
kara) or pfu polymerase (Stratagene), and two inde-
pendent PCR products were subcloned to exclude
possible errors from the PCR.
2.3. Northern analysis and RT-PCR
The wild type L2861 strain was grown in YEPD to
2U107 cells/ml to prepare mitotically growing cells.
To prepare alpha factor-treated cells, the wild type
L2861 strain in mid-log phase was incubated with
5 Wg/ml for 6 h. Total RNA was isolated as follows.
Harvested cells were broken in LETS (0.1 M LiCl,
0.01 M Na2EDTA, 0.01 M Tris-Cl (pH 7.4), 0.2%
SDS) bu¡er with phenol and glass beads by a Mini-
beadbeater cell disrupter (BioSpec) [42]. 30 Wg of
total RNA was electrophoresed in an 0.8% agarose
gel containing 7.4% formaldehyde and transferred to
a nylon membrane (Hybond; Amersham) [39]. This
Northern blot was probed with the IBD1 ORF am-
pli¢ed by PCR following the standard procedure
[39]. For RT-PCR, 100 Wg of total RNA was treated
with DNase I (Promega) at 37‡C for 30 min, ex-
tracted with phenol, and 1 Wg of the RNA was
used as template. The IBD1 cDNA was synthesized
by a RT-PCR Kit (Bionia, Korea) using 3P speci¢c
primer of IBD1 5P-CAATGGATCCGGCTAAAG-
GGCTAATCTTTTG-3P at 42‡C for 1 h. The reverse
transcribed IBD1 cDNA was ampli¢ed by standard
PCR with 5P oligonucleotide 5P-CCGTAAATAG-
AATTCAATGAGGACACT-3P and 3P oligonucleo-
tide 5P-CAATGGATCCGGCTAAAGGGCTAAT-
CTTTTG-3P. The ampli¢ed 250 base pair RT-PCR
products were detected in 1% agarose gel.
2.4. Complementation test
pREP1/IBD1, pREP41/byr4 and pREP1 were
transformed into CA103, and transformants were
patched on the MM with a 1/2 nitrogen source
(0.25% NH4Cl) to induce sporulation [38]. 0.4 mM
thiamine was also added on the plate to prevent
overexpression of transformed genes. After 6^7
days of growth at 29‡C, sporulated cells from several
patches were pooled in 1 ml of water with 20 Wl of
glusulase (Dupont) and incubated at room temper-
ature overnight with rocking. After being washed
several times with water, the spores were counted.
About 1000 spores were spread on the MM media
with adenine and thiamine, and the germinated
spores were veri¢ed by replica plating on the MM
media with thiamine.
2.5. Overexpression of IBD1 in budding and ¢ssion
yeast and byr4 in budding yeast
S. cerevisiae was transformed with pMW20/IBD1,
pMW20/IBD1C and pMW20L/byr4 that, respec-
tively, contain the IBD1, the C-terminal fragment
of IBD1, and the byr4 under control of the GAL1-
10 promoter. Transformants were grown overnight
in SC-Ura or SC-Leu containing 2% glucose at
30‡C as described above. Cells were harvested by
centrifugation, washed twice with sterile water, and
cultured in SC-Ura containing 2% ra⁄nose to the
mid-log phase. Then, cells were switched to SC-Ura
or SC-Leu containing 2% galactose for 7 h. Plasmid
pREP1/IBD1 was introduced into KGY246 of S.
pombe. Transformants were ¢rst grown to the mid-
log phase in MM with adenine, uracil and thiamine,
washed twice in thiamine-free media, and grown for
18 h in thiamine-free media at 29‡C to induce ex-
pression.
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2.6. Microscopic techniques
S. cerevisiae cells were ¢xed for 10 min by adding
formaldehyde to the media to a ¢nal concentration
of 4% and shaking. Cells were collected, washed and
resuspended in PBS containing 4% formaldehyde for
1 h to be stained with 4P,6-diamidino-2-phenylindole
(DAPI) (Sigma), calco£uor (£uorescent brightener
No. 28, Sigma), and rhodamine-phalloidin (Sigma)
[43]. Cells were stained with 1 Wg/ml DAPI to visual-
ize DNA or with 2 mg/ml calco£uor to visualize
septa. To observe F-actin, ¢xed cells were permeabi-
lized by washing with 1% Triton X-100 in PBS and
stained with 5 Wg/ml rhodamine-phalloidin. To ob-
serve a GFP signal, induced cells were harvested,
brie£y washed with 70% EtOH, and immediately re-
suspended in PBS (pulse ¢xation). Then the pulse-
¢xed cells were stained with DAPI as described
above. For immunostaining, cells were ¢xed by in-
cubating in 3.7% formaldehyde for 2 h, washed with
PBS, and resuspended in PBS containing 1.2 M sor-
bitol. The ¢xed cells were permeabilized by treating
Zymolase to a ¢nal concentration of 300 Wg/ml for
90 min at 30‡C (ICN Biomedicals, Costa Mesa, CA).
Microtubules were stained with 1:10 diluted anti-K-
tubulin rat monoclonal antibody YOL 1/34 (Accu-
rate Chemical and Science, Westbury, NY) followed
by 1:150 diluted Texas red-conjugated anti-rat goat
IgG (Molecular Probes, Eugene, OR). S. pombe cells
were ¢xed by adding a 1/4 volume of freshly pre-
pared 17% (w/v) paraformaldehyde to an exponen-
tially growing culture [38]. Fixed cells were stained
with DAPI, calco£uor and phalloidine as described
above. Fluorescence microscopy was performed us-
ing a Zeiss Axioskop with a 100U objective. Photo-
graphs were taken using a Tmax400 (Kodak, Ro-
chester, NY), and negatives were scanned with a
Proimager8200 (Pixelcraft) for images.
2.7. FACS analysis
For £ow cytometry, samples were prepared as de-
scribed previously [44]. Brie£y, cells were ¢xed in
70% ethanol overnight at 4‡C and washed with
50 mM sodium citrate (pH 7.5). 4U106 cells were
resuspended in 0.5 ml of 50 mM sodium citrate
and incubated with 250 Wg/ml RNase A, followed
by 1 mg/ml proteinase K for 1 h at 50‡C, respec-
tively. After adding 0.5 ml of propidium iodide in
50 mM sodium citrate (¢nal concentration 8 Wg/
ml), samples were incubated in the dark for 12 to
24 h at 4‡C. For each sample, 20 000 cells were an-
alyzed with a Becton Dickinson £uorescence-acti-
vated cell analyzer.
3. Results
3.1. Isolation of the IBD1 gene
In ¢ssion yeast S. pombe, byr4 a¡ects mitotic divi-
sion, cytokinesis and septum formation. Null alleles
Fig. 1. (A) Schematic sequence alignment of IBD1 and byr4.
The arrows represent the direct repeats, and the black areas
represent the other regions of signi¢cant sequence similarity, as
identi¢ed by the BLAST and reported by Song et al. [34]. (B)
Detection of the IBD1 mRNA by Northern hybridization. To-
tal RNA from IBD1 overexpressing (lane 1) and mitotically
growing (lane 2) wild type strain L2861 were separated and
probed with a fragment of the IBD1 gene. Approximately equal
amounts of RNA samples were loaded in each lane as illus-
trated by the ethidium bromide staining of 23S rRNA (lower).
(C) Detection of the IBD1 transcript by RT-PCR from the mi-
totically growing or the alpha factor-treated wild type strain
L2861. Total RNA was isolated, respectively from the alpha
factor-treated cells (lanes 1 and 2) and from the mitotically
growing cells (lanes 3 and 4). The IBD1 cDNA was synthesized
with the 3P speci¢c primer of the IBD1 by reverse transcription
from the total RNA treated with DNaseI. The reverse tran-
scribed IBD1 cDNA was ampli¢ed by PCR with speci¢c 5P and
3P primers of the IBD1. The ampli¢ed 250 base pair RT-PCR
products of the IBD1 were detected from the mitotically grow-
ing cells (lane 3) as well as from the alpha factor-treated cells
(lane 1) in an ethidium bromide stained 1% agarose gel. No
ampli¢ed IBD1 fragments were detected from the same total
RNA without reverse transcription (lanes 2 and 4).
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of byr4 cause a cell cycle arrest with multiple septa-
tion, and overexpression of byr4 inhibits cytokinesis
leading to multinuclear cells. These phenotypic anal-
yses suggest that byr4 coordinates mitosis and cyto-
kinesis in a dosage-dependent manner [34]. A search
for homologues with the predicted amino acid se-
quence of the byr4 ORF only revealed an ORF des-
ignated as YJR053W in S. cerevisiae genome se-
quence data [34]. YJR053W displayed limited
homology to byr4 in the C-terminal region of the
ORF (Fig. 1A) [34]. We cloned YJR053W from the
S. cerevisiae genome through polymerase chain reac-
tions (PCR) as described in Section 2, and named it
IBD1 (inhibition of bud division 1) by following its
overexpression phenotypes (see below for details).
Throughout the rest of this paper, YJR053W will
be called IBD1. The IBD1 ORF encodes a predicted
protein of 574 amino acids. IBD1 is not an essential
gene, and the knock-out cells showed no growth de-
fects except for reduced mating e⁄ciency [1].
To examine whether the ORF YJR053W encodes
an expressed gene, we detected the IBD1 mRNA by
Northern analysis and RT-PCR. Northern analysis
showed a single mRNA of approximately 2 kb only
in the IBD1 overexpressing cells where IBD1 expres-
sion was induced by the GAL1-10 promoter. How-
ever, no IBD1 mRNA was detected in mitotically
growing cells (Fig. 1B). Since the IBD1 knock-out
cells displayed a reduced mating e⁄ciency, we also
tried Northern analysis with the total RNA from
alpha factor-treated cells. The IBD1 mRNA was
not detected in the alpha factor-treated cells either,
demonstrating that IBD1 was not induced for sexual
di¡erentiation (data not shown). We could verify the
expression of IBD1 in the mitotically growing cells
and in the alpha factor-treated cells through RT-
PCR as shown in Fig. 1C. The same amount of total
RNAs from the mitotically growing or from the al-
pha factor-treated cells were used for RT-PCR, but
less RT-PCR products were detected in the alpha
factor-treated cells, suggesting relatively less IBD1
mRNAs are present in the alpha factor-treated cells.
Detection of the IBD1 expression only by RT-PCR
indicates that IBD1 is not highly expressed.
3.2. IBD1 overexpression inhibits normal nuclear
division and bud separation
As an approach to the cellular functions of IBD1,
we overexpressed IBD1 and examined the pheno-
types. We placed IBD1 under the control of the
GAL1-10 promoter (pMW20/IBD1), introduced
pMW20/IBD1 into several S. cerevisiae wild type
strains, and induced the expression of IBD1 by
changing the carbon source from glucose to galac-
tose. Since byr4 overexpression blocks cytokinesis in
S. pombe, we expected that IBD1 overexpression
might also cause defects in cytokinesis, if IBD1
were a functional homologue of byr4. Overexpression
of IBD1 in mitotically growing cells was lethal and
inhibited normal nuclear division and bud separa-
tion. Phenotypes of the IBD1 overexpressing cells
were consistent in various wild type S. cerevisiae
strains as well as in an IBD1 knock-out strain as
summarized in Fig. 2A. After 7 h of induction,
nearly 90% of the IBD1 overexpressing cells were
arrested at the large budded stages and eventually
died (Fig. 2A). More than 70% of these arrested cells
contained either a single nuclear DNA in the neck or
two nuclear DNAs in the dividing daughter cells as
revealed by DNA staining (Fig. 2A-a). Whether nu-
clear DNAs were in the neck or divided, they fre-
quently lay unequally between the mother and the
daughter (Fig. 2A-a,b). Approximately 20% of the
Table 1
Yeast strains used in this study
Strain Genotype Source
FY1674 MATa ura3-52 leu2-v1 his3 yjr053wBkanMX4 F. Galibert
FY1679C MATa ura3-52 leu2-v1 his3/MATK ura3-52 leu2-v1 his3 F. Galibert
YME2 MATa ade1 leu2-v1 ura3 his3 G.-C. Yoo
L2861 MATa leu2-3,112 ura3-52 trp-289 can1 cyh2 J. Kim
PH252 MATa ura3-52 lys2-801 ade2-101 trp1-d1 his3-d200 leu2-d1 G.-C. Yoo
KGY246 h3 leu1-32 ura4-d18 ade6-210 K. Gould
CA103 h90 leu1-32 ura4-d18 ade6-210/h90 leu1-32 ura4-d18 ade6-216 byr4Bura4 C. Albright
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Fig. 2. Phenotypes of the IBD1 overexpressing cells. The wild type S. cerevisiae strain, L2861, or the IBD1 knock-out strain, FY1674,
were transformed with pMW20/IBD1 or pMW20/IBD1C. After a 7 h induction, samples were ¢xed and stained with DAPI. Various
arrested phenotypes of the FY1674 and L2861 strains overexpressing the Ibd1p, and of the L2861 strain overexpressing with the
C-terminal 275 amino acids of Ibd1p (IBD1C) were depicted and labeled (a^d) in the table (A). A total of 948 cells were counted to
determine the percentages of the arrested phenotypes. The bottom panels of (a^d) show the images of the arrested cells that match
with the labeling in the top table. The arrowhead in (a) points an anuclear bud, (e) shows the images of the wild type L2861 strain
transformed and induced only with pMW20, as a negative control. In the bottom pictures, the left pictures are for phase contrast im-
ages, and the ones on the right are for DNA images of the same ¢eld by DAPI staining. The bar denotes 5 Wm and applies to all pic-
tures. (B) DNA content analyses of the cells overexpressing the Ibd1p by FACS. (a) the wild type diploid strain FY1679C for the
control of 2 and 4 N, (b) only pMW20 induced in the L2861 strain as a negative control, (c) the IBD1 induced in the IBD1 knock-
out strain, FY1674, (d) the IBD1 induced in the wild type strain L2861, (e) the C-terminal 275 amino acids of the Ibd1p induced in
L2861.
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arrested cells showed chromosome separation within
the mother cell, leading to an anucleated bud and
binucleate mother cell. An arrowhead in Fig. 2A-a
pointed a cell for anucleated bud, and a cell for a
binuclear mother connected with an anuclear bud
was shown in Fig. 2A-c. The anucleated cell did
not bud, but the binucleate cell might have pro-
ceeded through another cell cycle(s) without bud di-
vision, producing cells with multiple nuclei and mul-
tiple buds (Fig. 2A-d). These phenotypes suggested
that the overexpression of IBD1 prevented normal
nuclear division and bud separation. To further ver-
ify the lack of cytokinesis and bud separation, the
DNA content of these cells was determined by FACS
analysis. FACS analysis revealed that the IBD1 over-
expressing cells contained a broad range of DNA
content, mostly from 2 to 4 N or more, instead of
1 or 2 N as observed in wild type control cells (Fig.
2B). The DNA content of these cells was consistent
with their phenotypes and implied that cell cycle pro-
ceeded without complete chromosome separation or
bud division.
The arrested phenotypes of the IBD1 overexpres-
sion led us to analyze the distribution of microtu-
bules and F-actin in the cells overexpressing IBD1.
When we examined the pattern of microtubules by
immuno£uorescence microscopy using an anti-K-tu-
bulin antibody, most of the IBD1 overexpressing
cells contained abnormal mitotic spindles. In most
of the arrested cells, the mitotic spindles between
the dividing nuclei have been highly elongated (Fig.
3A-c). These mitotic spindles connected the nuclei
that were often present unequally between the
daughter and the mother or divided inside the moth-
er (Fig. 3A-c). The abnormally elongated mitotic
spindles in the cells arrested with a large bud by
IBD1 overexpression implies that these cells were ar-
rested in the middle or at the end of irregular nuclear
divisions. In the cells arrested with multiple buds, the
cytoplasmic microtubules were abnormally bundled
(Fig. 3A-a,b).
Budding yeast cells normally localize an F-actin
ring in the neck for cytokinesis and bud division.
Observations of the F-actin in the IBD1 overexpress-
ing cells revealed that the cells arrested with grown
but unseparated bud(s) no longer carried F-actin
rings in the neck (Fig. 3B). The elongated cells
with multiple buds frequently contained the F-actin
concentrated at the tip of the bud where growth of a
new bud occurred, but not in the neck(s) of multiple
buds (Fig. 3B-a). Some of the cells arrested with
multiple buds also lost the F-actin polarity, exhibit-
ing the dispersed F-actin (Fig. 3B-b). Whatever mor-
Fig. 3. The distributions of microtubules, F-actin and the chitin
ring in the cells overexpressing IBD1. The Ibd1p was overex-
pressed in the YME2 and FY1674 strains, ¢xed and stained.
(A) The distributions of microtubules. The left panels show
DNA by DAPI staining and the right panels show microtubules
by anti-K-tubulin immunostaining. The microtubule images in
the IBD1 overexpressing cells (a, b, c) and in the wild type cells
of anaphase and telophase (d) are shown. (B) The distribution
of F-actin in the cells arrested by the IBD1 overexpression.
Cells were stained with rhodamine-conjugated phalloidin.
(C) The localization of chitin rings by calco£uor staining in the
cells arrested by the IBD1 overexpression. The bar denotes 5 Wm
and applies to all panels.
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phologies of the arrested cells by IBD1 overexpres-
sion, no F-actin concentration was observed in the
probable necks where cytokinesis and bud division
should occur.
The lack of F-actin concentration at the bud neck
and no bud division in the IBD1 overexpressing cells
led us to observe the chitin deposition in these cells
by calco£uor staining. In the budding yeast cells,
chitin is usually observed at the new bud site and
at the division septum [45]. At the bud neck of the
cells arrested with large buds or with multiple buds
and multiple nuclei, weak calco£uor staining existed,
suggesting weak chitin deposition (Fig. 3C-a). No
bud separation in the IBD1 overexpressing cells in-
dicated that the division septa including the depos-
ited chitin in these cells were not functional. Haploid
budding yeast cells usually bud in an axial pattern by
forming a new bud next to the old bud scar [46].
However, calco£uor staining of the cells arrested
with a large bud by the IBD1 overexpression re-
vealed that they ¢xed a new bud site randomly in-
stead of next to the old one. In the cell shown in Fig.
3C-b, the new bud site was ¢xed opposite to the old
one. Random selections of the bud site in these cells
were consistent with the patterns of F-actin that
showed lost polarity (Fig. 3B,C). All IBD1 overex-
pression phenotypes described were consistent in sev-
eral di¡erent wild type strains and in the IBD1
knock-out strain as shown in Fig. 2.
3.3. The C-terminal region of the IBD1 that exhibited
homology to byr4 was enough to induce
overexpression phenotypes
Both the overexpression of IBD1 in S. cerevisiae
and of byr4 in S. pombe provoked defects in cytoki-
nesis and septation. The similar overexpression phe-
notypes of IBD1 and byr4 suggested that IBD1 might
be a functional homologue of byr4 in S. cerevisiae.
Since the homology of Ibd1p and Byr4p is limited
within the C-terminal 275 amino acids of the ORF,
we examined whether the overexpression of the C-
terminal 275 amino acids of Ibd1p is enough to cause
the IBD1 overexpression phenotypes. A construct for
the IBD1 C-terminal 275 amino acids under the con-
trol of the GAL1-10 promoter (pMW20/IBD1C) was
introduced into the yeast, induced, and compared
with the expression of full-length IBD1. As summar-
ized in Fig. 2A (IBD1C), the blockage of nuclear
division and bud separation in the cells overexpress-
ing the C-terminal 275 amino acids of Ibd1p was as
severe as in the cells overexpressing the entire Ibd1p.
This result was veri¢ed by the comparison of DNA
contents in the cells overexpressing the C-terminal
275 amino acids and the full-length Ibd1p (Fig.
2B). These data demonstrated that the C-terminal
region of the Ibd1p homologous to the Byr4p is an
important domain for the regulation of nuclear divi-
sion and bud separation, supporting a possibility
that IBD1 is a functional homologue of byr4.
3.4. Ibd1p-GFP localized to the structure most likely
to be the spindle pole body
To better understand how Ibd1p functions for nu-
clear division and bud separation, its localization was
determined in the mitotically growing budding yeast
cells. A construct for the Ibd1p-GFP, where GFP
was fused to the C-terminus of Ibd1p, was built on
a centromere-based plasmid in which its expression
was under the control of the GAL1-10 promoter
(pRS316/IBD1-gfp). When induced, this construct
fully displayed the overexpression phenotypes of
IBD1, indicating that Ibd1p-GFP is fully functional.
As shown in Fig. 4A, most cells overexpressing the
Ibd1p-GFP were arrested with a large bud (Fig. 4A-
b,c) or multiple buds (Fig. 4A-d). Frequently, these
cells contained either a single nuclear DNA in the
neck or dividing nuclei that were not equally segre-
gated between two daughters (Fig. 4A-b,c). In addi-
tion, FACS analyses of the cells overexpressing
Ibd1p-GFP and Ibd1p were indiscernible (compare
Fig. 2D and Fig. 4B). In the cells overexpressing
Ibd1p-GFP, the Ibd1p-GFP was located as a single
dot at the nuclear DNA periphery in the divided
nuclei or as double dots in dividing nuclei of the
arrested cells (Fig. 4A). Whatever the number of nu-
clei in the cell or whether the nuclear division was
unequal, the position of Ibd1p-GFP consistently
matched with the boundaries of the nuclear DNAs
(Fig. 4A). The nature of the localization patterns of
Ibd1p-GFP suggested that Ibd1p was most likely to
be in the spindle pole body. Although this Ibd1p
localization was from the IBD1 overexpression, we
think the localization of Ibd1p-GFP is reliable in
regarding its speci¢c correlation to the same position
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in more than 500 cells counted. To con¢rm its local-
ization further, the endogenous Ibd1p should be de-
tected by immuno-localization, but detection of the
endogenous Ibd1p could be di⁄cult because of its
limited expression as suggested by its Northern anal-
ysis. From the localization of Ibd1p-GFP, we con-
cluded that Ibd1p is possibly associated with the
spindle pole body. In addition, the GFP fusion of
the C-terminal 275 amino acids of Ibd1p, that was
enough to induce the IBD1 overexpression pheno-
types, displayed the same localization pattern as the
entire IBD1, suggesting a possible correlation of the
IBD1 function to its localization (data not shown).
3.5. The cross-species expressions of IBD1 in S.
pombe and byr4 in S. cerevisiae caused the
defects in cytokinesis and septation
As described, overexpression of the C-terminal
Ibd1p containing the region homologous to Byr4p
caused the same defects in nuclear division and bud
separation as overexpression of the entire Ibd1p, im-
plying a possibility that IBD1 might be a functional
homologue of byr4. To demonstrate the relationship
between IBD1 and byr4, we ¢rst examined whether
IBD1 could complement the knock-out of byr4. To
express IBD1 in ¢ssion yeast, we constructed pREP1/
IBD1 as described in Section 2, in which the expres-
sion of IBD1 could be induced in the absence of
thiamine in the media [47]. Since the knock-out of
byr4 is lethal, we transformed pREP1/IBD1 into the
diploid strain, CA103, where one allele of byr4 was
replaced with the ura4 gene [34]. We used pREP1/
byr4 as a positive control for complementation, since
we had shown that the presence of pREP/byr4 could
complement the knock-out of byr4 even in the unin-
duced condition [34]. When more than 200 random
spores from the diploid CA103 transformed with
pREP1/IBD1 were germinated and analyzed, no via-
ble ura haploid colonies were detected (data not
shown), while spores from the CA103 transformed
with pREP/byr4 gave ura haploid colonies. This
result indicated that the IBD1 could not complement
the byr4 knock-out. The accumulated data in the lab
showed that even a byr4 deletion mutant that only
contained the C-terminal 255 amino acids including
the region of homology to IBD1 could not comple-
ment the byr4 knock-out by itself (Jwa, Song, unpub-
lished results). Therefore, the inability of IBD1 to
complement the byr4 knock-out could not exclude
the possibility that the IBD1 is a functional homo-
logue of byr4.
As an another approach to examine whether IBD1
is a functional homologue of byr4, we expressed
IBD1 in S. pombe and byr4 in S. cerevisiae. We
transformed the pREP1/IBD1 and induced the over-
expression of IBD1. IBD1 overexpression in ¢ssion
yeast S. pombe was not lethal but caused defects in
Fig. 4. Localization of the Ibd1p-GFP fusion protein. The wild
type strain YME2 was transformed with pRS316/IBD1-gfp and
cultured to induce Ibd1p-GFP as described. (A) The left panels
of each picture show GFP signals, and the right panels show
DNA. (a) images of the cells transformed only with pRS316-gfp
to induce just GFP as a negative control, (b, c, d) images of
the cells induced with the Ibd1p-GFP fusion protein. Bar: 5 Wm.
(B) DNA content analyses by FACS in the Ibd1-GFP induced
cells. (a) Cells only expressed GFP, (b) cells expressed the
Ibd1p-GFP fusion protein.
BBAMCR 14450 26-3-99
J. Lee et al. / Biochimica et Biophysica Acta 1449 (1999) 239^253248
cytokinesis (Fig. 5A^D). Approximately 10% of the
cells became elongated. Also, independent of the nu-
clear division, about 6% of the cells proceeded cyto-
kinesis at the tip or in the middle of the cell, giving
rise to anuclear bodies (Fig. 5A, see the arrowhead
pointed cell body). The abnormal morphologies in
the IBD1 overexpressing cells led us to analyze the
distribution of F-actin and division septum. In S.
pombe, F-actin is usually localized in the growing
tips of the interphase cells and forms a medial ring
for cytokinesis in mitotic cells [48]. Regardless of the
wrong positions of cytokinesis and septation in the
¢ssion yeast cells overexpressing the IBD1, F-actin
was concentrated where cytokinesis and septation
occurred, even in anuclear bodies (Fig. 5B-a,b).
About 6% of the IBD1 overexpressing S. pombe cells
contained multiple septa, which were frequently lo-
cated in wrong positions (Fig. 5C). However, the
multiple septa phenotypes by the IBD1 overexpres-
sion were di¡erent from those by the byr4 knock-out.
Multiple septa were dispersed and mislocalized in the
IBD1 overexpressing cells, while multiple septa were
concentrated in the middle of the cell arrested by the
byr4 knock-out. We presumed that these septa were
functional since anuclear bodies that could be de-
rived from mislocated septa were frequently ob-
served. The DNA contents measured in these cells
by FACS analyses showed that the IBD1 induced
cells contained 2 and 4 N DNA instead of 1 and
2 N (Fig. 5D). DNA contents in these cells were
partly consistent with the increased binuclear cells
and elongated morphology. But a discrepancy lay
between the number of binuclear cells and the
Fig. 5. Cross-species expressions of the IBD1 in S. pombe and
the byr4 in S. cerevisiae. (A^D) The e¡ects of the overexpres-
sion of IBD1 in S. pombe. A wild type S. pombe strain
KGY246 was transformed with pREP1/IBD1, and Ibd1p was
induced at 29‡C for 18 h. (A) Cells were ¢xed and stained with
DAPI for DNA. The left panels show phase contrast, and the
right panels show DNA. (a) The ¢ssion yeast cells induced with
the expression of IBD1, (b) the ¢ssion yeast cells transformed
and induced with just pREP1 as a negative control. (B) The
distributions of F-actin by rhodamine-phalloidin staining. (C)
The visualization of septa by calco£uor staining. The bar de-
notes 10 Wm and applies to (A, B, C). (D) DNA contents of
the IBD1 induced ¢ssion yeast cells by £ow cytometry. (a) The
nitrogen-starved wild type strain KGY246, as a control for
1 and 2 N, (b) cells induced with only pREP1 for a negative
control, (c) cells induced with pREP1/IBD1. (E) The e¡ects of
the overexpression of byr4 in S. cerevisiae. pMW20L/byr4 was
transformed into the IBD1 knock-out strain, FY1674. After a
7 h induction, cells were ¢xed and stained with DAPI as de-
scribed in Section 2. Bar: 5 Wm.
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DNA contents in these cells : most of the IBD1 in-
duced cells had 4 N DNA contents, but only around
10% of these cells were binuclear. This di¡erence
suggested that the most IBD1 overexpressing cells
did not undergo cytokinesis but proceeded to the
next cell cycle including DNA replication.
We also induced the expression of byr4 in the bud-
ding yeast S. cerevisiae by introducing the construct
pMW20L/byr4, where the expression of byr4 was
driven by the presence of galactose in the media.
Budding yeast cells expressing byr4 also displayed
abnormal morphologies and defects of cytokinesis
as in the IBD1 overexpressing cells, but the e¡ects
on lethality and morphology were less severe. In ap-
proximately 50% of the byr4 overexpressing cells,
cytokinesis and bud divisions were blocked with a
di¡erent number of buds from one to multiple, as
shown in Fig. 5E. In these cells, anuclear and binu-
clear buds were frequently observed by DAPI stain-
ing. From the conserved phenotypes of the overex-
pressions of IBD1 and byr4, we could assume that
the regulatory roles of IBD1 and byr4 in cytokinesis
as well as in nuclear division were partially conserved
between the two di¡erent yeast species.
4. Discussion
4.1. The overexpression phenotypes and possible roles
of IBD1 in nuclear division, cytokinesis and bud
separation
The proper spatial and temporal coordination of
mitosis and cytokinesis is essential for a⁄rming the
genomic integrity in cell division, but the mecha-
nisms remain obscure. Studies on the regulatory
genes for the timing of cytokinesis in S. pombe reveal
that the initiation of cytokinesis is connected to the
spindle assembly checkpoint and is dependent on the
completion of mitosis [49]. The analyses of byr4 in S.
pombe have implicated its function in regulating the
timing of cytokinesis in a dosage-dependent manner
[34]. In this study, we cloned the ORF YJR053W in
S. cerevisiae that shows limited homology to the byr4
of S. pombe, called it IBD1, and examined its func-
tions in linking mitosis to cytokinesis and septation.
IBD1 is not an essential gene and the knock-out
cells show no growth defects [1], but the overexpres-
sion perturbs the mitotic cycle. Thus, we expect the
existence of another gene(s) with similar functions
and presume that the expression of IBD1 is tightly
regulated. The majority of the IBD1 overexpressing
cells were arrested with grown but undivided buds
and no F-actin concentration was observed in the
neck between the mother and the daughter, suggest-
ing that cytokinesis and bud division were blocked
(Figs. 2 and 3). In these arrested cells, the microtu-
bule distribution was also abnormal. Frequently, the
nucleus in the neck or divided was connected with
highly elongated mitotic spindles, implying that these
cells formed bipolar spindles but were arrested in late
anaphase. Since mitosis did not seem to have been
completed, we believe that the lack of cytokinesis
and septation in these cells arise from the arrest in
mitosis. Also, the nuclear divisions in these cells were
frequently unequal or in the mother, suggesting that
the overexpression of IBD1 probably causes bypass
of the spindle assembly checkpoint and start of the
anaphase. However, cytokinesis was blocked in the
IBD1 overexpressing cells, while the spindle assembly
checkpoint mutants, pds1, mps1 and esp1 undergo
cytokinesis without proper chromosome separation
[23,50,51]. In addition, the cells overexpressing
IBD1 carry broadly 2C to 4C or more DNA content,
and the cells with 2C are not dominant. These ob-
servations suggest that the overexpression of IBD1
makes cells enter the anaphase independent of the
spindle defects and block cytokinesis, but most cells
initiate the new round(s) of cell cycle including DNA
replication and spindle pole body duplication with-
out cytokinesis. The overexpression phenotypes of
IBD1 suggested its functions in regulating the proper
nuclear division and the onset of cytokinesis for bud
division.
The accumulated molecular genetic studies in S.
cerevisiae provide evidence for the interactions be-
tween microtubules and actin structures for correct
nuclear division and cleavage plane determination.
As described in Section 1, some mutations in actin
alleles or actin interacting proteins as well as in a
TUB2 mutant allele- or microtubule-associated pro-
teins show defects in spindle orientation, nuclear mi-
gration and cytokinesis. These investigations propose
that the proper nuclear positioning and division
might be regulated by the appropriate spindle align-
ment through the interaction of microtubule spindles
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and cortical structures including F-actin [7,11]. The
unequal nuclear divisions or divisions in the mother
as well as the lost F-actin polarity in the IBD1 over-
expressing cells suggest that IBD1 might be involved
in the proper alignment of mitotic spindles. The as-
sociation of Ibd1p with the spindle pole body also
supports the possibility that Ibd1p might be involved
in the orientation of mitotic spindle. Besides, the
potential role of IBD1 in the mitotic spindle is ap-
propriate for the proposed functions of the IBD1 in
coordinating the proper nuclear division with cytoki-
nesis and bud separation.
4.2. Ibd1p-GFP localization
As the overexpression phenotypes suggest, IBD1
may function in regulating the entry into anaphase
and in signaling between nuclear division and the
onset of cytokinesis. The role of IBD1 is supported
by its possible localization to the spindle pole body.
Recent studies proposed the importance of mitotic
spindles and the spindle poles in coordinating mitosis
and cytokinesis. The potential importance of the
spindle pole body in linking between the machinery
of mitosis and cytokinesis is being veri¢ed in S.
pombe. Byr4p, a possible homologue of Ibd1p, is
also localized to the spindle pole body as a GFP
fusion (K. Song, C. Albright, unpublished data).
Byr4p forms a GAP complex with Cdc16p for the
Spg1 GTPase to integrate mitosis and cytokinesis in
S. pombe, and Spg1p and its target, Cdc7p, are also
localized to the SPB [33,35]. These data in S. pombe
propose an essential role of the spindle pole body in
signaling for the integration of mitosis and cytokine-
sis. As we describe in this paper, Ibd1p, a potential
coordinator of mitosis and cytokinesis in S. cerevi-
siae, localizes to the spindle pole body, suggesting a
conserved role of the spindle pole body in combining
nuclear and cytoplasmic divisions. In addition, the
major mitotic machinery in all eukaryotes, the cdc2
kinase/cyclin B and the 20S cyclosome/APC, localize
to the spindle pole body or its mammalian equiva-
lent, the centrosome [52^54]. Colocalization of the
regulators for mitotic progression and for the onset
of cytokinesis on the spindle pole body provides the
potential signi¢cance of the MTOC as a conserved
coordinator of mitosis and cytokinesis in all eukary-
otes.
4.3. Interrelationship between IBD1 and byr4
If IBD1 is a functional homologue of byr4, the
function and mechanism of byr4 can give clues to
understanding the function of IBD1. For three rea-
sons, we think the IBD1 is a possible homologue of
the byr4, and at least the regulatory function for
cytokinesis is conserved between these two genes
from two di¡erent yeast species. First, the cross-spe-
cies expression of IBD1 and byr4 caused defects in
cytokinesis and septation. This result suggests that a
pathway regulating cytokinesis is conserved between
these two yeast species, and cross-expressed IBD1
and byr4 can partially function in this conserved
pathway. Second, the function of IBD1 was concen-
trated in the C-terminal 275 amino acids of the pro-
tein that display homology to the byr4. Cells over-
expressing the C-terminal 275 amino acids of Ibd1p
were indiscernible from the cells overexpressing the
full-length protein. In addition, deletion mutant anal-
yses of the byr4 also suggest that the C-terminal
255 amino acids of the protein that display the ho-
mology to IBD1 are important for its function (Jwa,
Song, unpublished results). Third, when both Ibd1p
and Byr4p were expressed as GFP fusion proteins,
both were localized to the possible spindle pole body.
Studies of byr4 suggest that it regulates mitosis and
cytokinesis in S. pombe and interacts with a possible
small GTPase pathway including cdc16, cdc7 and
spg1 [34,35]. The S. pombe cdc16 gene is required
for the spindle assembly checkpoint and shows se-
quence homology with BUB2 [28]. Therefore, if
IBD1 is a functional homologue of byr4, from the
interactions of byr4 and cdc16, we may infer the
interaction of IBD1 with BUB2 and/or other genes
in the spindle checkpoint. Overexpression pheno-
types and localization of the Ibd1p also support the
possible interactions of Ibd1p with the proteins in-
volved in the spindle assembly checkpoint. From the
essential role of a possible small GTPase pathway in
S. pombe as well as the conserved cross-species phe-
notypes of IBD1 and byr4, we may assume the pres-
ence of a similar signaling pathway to link mitosis
and cytokinesis in S. cerevisiae. Furthermore, the
cross-species expression of IBD1 and byr4 causes de-
fects in cytokinesis between two evolutionarily unre-
lated yeast species, implicating that there may be a
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conserved mechanism for the control of cytokinesis
in eukaryotes.
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